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POLY( IMIDAZOPYRROLONES) : A NEW ROUTE TO LADDER POLYMERS 
b? 

Vernon L. B e l l  2nd korge F. Pezdirtz 
In t roduct ion  

Previous synthesee of aromati,:-heterocyclic polymers have r e s u l t e d  

i n  partial l adde r  ("step-ladder." ) iincromolecular s t r u c t u r e s  ; i .e , con- 

densed ringn i n  t h e  main chain whi:h are separa ted  by s i n g l e  l i n k s .  

Two of t h e  most promising s t ep - l ad le r  polymers presently.  being developed 

and character!  zed are the  polybenzimidnzoles' (PBI) and t h e  polyimides 2 

( P I ) .  I n  most cases  these  polymer3 

w i t h  no more than t h r e e  fused  ring; 

i c a l l y ,  a g r e a t e r  degree of thermal 

be expected i f  t h e  concentrat ion of 

have very uhort  l adder  segments, 

between t h e  s i n g l e  I fnks.  Theoret- 

s t a b i l i t y  f o r  such pc,ymere could 

t h e  s i n g l o  l i n k s  are reduced by 

inc reas ing  the  r i n g  s t r u c t u r e s  of the main chains3, u l t imate iy  lead ing  

t o  a complete ladder  Rtructure ,  

The l adde r  s e p e n t s  of t h e  abwe polymers, and hence t h e i r  thermal  

s t a b i l i t i e s ,  r e s u l t  from t h e  t e t r a f u n c t i o n a l  monomers used i n  t h e  

polymerization: dianhydrides ( t e t r a w i d e )  i n  t h e  case of t h e  polyimide8 

and ortho-tetraaminea i n  t h e  polyb2nzimidazole ins tance .  Polymers 

which could be prepared by cont ro l led  polymerization of two o r  more 

poiyfunct iona l  monomers i e .& ,  , dinmydr ldes  o r  t e t r a s c i d s  and t e t r a m i n e e  j 

should htive supe r io r ,  thermal,  oxidat ive and r a d i o l y t i c  s t a b i l i t y .  

c l a s s i c a l  dye chemistry l i t e r a t u r e  provides t h e  background f o r  synthee is  

The 

of some r e l a t e d  model compounds. An e s p e c i a l l y  a t t r a c t i v e  example is 

t h e  r e a c t i o n  of 0-Dhen l ene  diemine w i t h  aromatic anhydrides, such aa 

m 
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1 ,a-naphthalic anhydride4 and ph tha l i c  anhydride5, which l e a d  t o  t h e  

appro2r ia te  nroylene benzimidazoleg. 

The extension of t h i s  r eac t ion  t c  aromatic dianhydrides and aromatic 

t e t r a m i n e s  has l e d  t o  a new c l a s s  of polymers, t h e  poly(imidazopyrrolones), 

which can be prepared as l adde r  s t r u c t u r e s r  

nnd/or t e t r a m i n e s  [ e.6, ;--&j' , b  ,k'-benzsphenone t e t racarboxyJ ic  di-  

anhydride (I3TDA) and 3,3'-dinminobenzi dine (DAB) ] , has r e s u l t e d  i n  s tep-  

ladder  polymers. 

The use of dianhydrides ' 

P o t e n t i a l l y  complete l adde r  p o l j j e r s  have been r e a l i z e d .  

by employing a dianhydride and a t e t r e a z i n e  [py romel l i t i c  dianhydride 

(PMDA) and 1,2,4,5=tetraaminobenzene (TU)] which have b a s i c  two-strand 

c a p a b i l i t i e s .  

BTDA DAB 

The versat.i l ity nf this r eac t ion  schec.e becomes apparent when t h e  

copolymer combinations which could r e s u l t  from combining var ious 

,i:r:lydrides anci/or t e t r a tmines  a r e  cons faered ;  numerous polymer systems 

with v a r i a b l e  lengths  of t h e  fused r i r g  s t r u c t u r e  and thus  a range of 

polymer prope r t i e s  , have been preparec.* 

The general technique of polymerization involves  t h e  con t ro l l ed  

0 J n  

r e a c t i o n  of t h e  dianhydride with t h e  t e t r a m i n e  i n  a highly polar so lven t ,  
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such an dimet;-.ylformamide ( D W )  and eiimethylacetamide (DMAC) The 

room temperature r eac t ion  results i n  a s l i g h t  temperature r i s e  followed 

by a r ap id  increase  i n  t h e  v i s c o s i t y ,  Adjustment of t h e  v i s c o s i t y  of 

the  s o l u t i o n  t o . t h e  des i r ed  l e v e l  c a i  be made by t h e  add i t ion  of small 

incremental  amounts of dianhydride. The i n i t i a l  polymer product ,  

i l l u s t r a t e d  below for the r eac t ion  b2tween PMDA and 3,3' ,4,4'-tetra- 

Rninodiphenyl e t h e r  (TADPO), i s  a poly( amide-acid-amine) (A-A-A) This 

polymer undergoes t w o  consecutive deTjdration s t e p s  when hea ted  t o  g ive  

t h e  f i n a l  polymer IV, poly(  OXY-^^!, 15~-2,10-bis-benzimidazo[1,2-a: 1' , 
6 2'-a ']  benzo 11.24: 4,5-c'] dipyrr2l-7, 15-&one - a (Note: The des- 

i gna t ion  of the  pos i t i ons  i s  a r b i t r a r y  s ince  the  exac t  mechanism ha8 not 

been es tab l i shed . ]  For s impl i c i ty ,  i?e have r e f e r r e d  t o  this clam of 

polymers as "Pyrrones .'I 

. 

IV 



Zxnerjmental 

Xonorncrs and Solvents 

P j r o m e l l i t i c  dianhydride (PSOA) [Hexagon Laborator ies ,  Inc.  and 

Princeton Chemical Research] and 3,3',4,4'-benzophenone t e t r a c a r b o x y l i c  

a c i d  dianhydride (BTDA) rGulf ChcnicE.i Corporation]were sublimed a t  225- 

2bOo/0.5 mn. 3,3'-Diaminobenzidine (DAB) [American Ani l ine  Products ,  Inc.] 

was p u r i f i e d  by r e c r y s t a l l i z a t i o n  from water. 1,2,4,5-Tetraaminobenzene 

t e t ranydrochlor ide  [ Burdick and jack: on Laborator ies ,  Inc  . ] was p u r i f i e d  

by d i s so lv ing  i n  t h e  minimum moun t  of water ,  t r e a t e d  with charcoa l  and 

r e p r e c i p i t a t e d  w i t h  concentrated hydi'ochioric acid.  

phenyl e t h e r  (TADPO) was prepared by a r n ~ c i f i c a t i o n ~  o f  an  e a r l i e r  pro- 

cedure8, using a precursor  4,4'-a:~c;n: no=3,3'-dinitrodfphenyl e t h e r ,  

[Burdick and Jackson Labora tor ies ,  h c .  1, 

3,3' ,4 ,h'-Tetraaminodi- 

Solvents  were p u r i f i e d  by ais G i i k t i o n  from phosphorus pentoxide 

Rnd, i n  c e r t a i n  cases ,  an a d d i t i o n a l  d i s t i l l a t i o n  from pyromei l i t i c  

d i  anhydride was performed. 

So iu t  i on Poly condens a t  i on 

P O ~ ~ ( O X ~ - ~ H ,  1511-2, i~-bis-~:nz: ni~azo[l.2-a: 1' .2*-23' I benzo 

[1,2-c: 4,5-c'] dipyrrol-7,  15-d ime .I (IV) 

"he gene ra l  procedure f o r  poiymt!rizing d imhydr ides  w i t h  t e t r a m i n e s  

as t h e  free base can be i l l u s t r a t e d  by t h e  prepara t ion  o f  polymer I V .  

A s o l u t i o n  of 4.20 g. (O.Ol92 mole) of PMnA i n  40 mi. of  DIG' was added 

a; once t o  a st irred s o i u t i o n  of 4.60 g. (0.020 mole) of 3,3' ,4 ,4'-  

Zetrsaminodiphenyl e t h e r  i n  35 mi. 0:' 3MF i n  o Waring Blendor. The 

s o l u t i o n  thickened s l i g h t l y  and becam warm ( 35-40°) w i th in  15-20 seconds . 



i 
i The o t i r r i n g  w a s  continued for 5-10 riinutes a f t e r  which a por t ion  o f  

a so lu t ion  of 0.30 g. (0.0014 mole) of PMDA i n  5 m l .  of DMF was added 

dropwise t o  t h e  s t i r r e d  polymer solu1,ion until, t h e  des i red  v i s c o s i t y  

w a s  obtained. 

remove bubbles and suspended matter .  

used f o r  casting films, laminates 

The r e s u l t i n g  t h i c k  polymer "dope" was cen t r i fuged  t o  

This polymer s o l u t i o n  has been I 
coatings , e t c .  

Af t e r  t h e  polymer w a s  p r e c i p i t a l e d  wi th  acetone, it was c o l l e c t e d  

l2.51+; 0, 25.15. After hea t ing  t h i s  polymer a t  425' for  one hour,  t h e  I 

analysis was as followe. Calculated f o r  ( C22H8N403)n (poly( imidazopyrrolone) 

(IV)]: C, 70.21; H, 2.14; N, 14.39; 0, 12.76. Found: C, 63.29; 11, 2.88; I 

N, 14.77; 0, 16.64. 

POly(imidnzopyrro1one) f ron  Pyromell:.tic Dienhydride and 1,2,4,5-Tetraamino- 

benzene (11) 

Since 1 , 2 , 4 , 5 - t e t r a a r n i n o b ~ ~ ~ ~ ~ e  i s  extremely suscep t ib l e  t o  a i r  
- -  

, 

ox ida t ion ,  polymers from t h i s  te t rami ine  vcre  prepared using t h e  te t rahydro-  

c h l o r i d e  salt .  A so lu t ion  of 4.36 ~ ~ ( 0 . 0 2 0  mole) of PMDA i n  40 ml. of DMF 

was added slowly, i n  a dropwise fash.on,  t o  a s t i r r e d  slurry of 5.68 g. 

(0.020 mole) of t h e  hydrochloride sa..t in 35 r n l .  of DE' and 6.32 g. 

(0.080 mole) of pyridine.  

a l l  times with ni t rogen,  

and washed with acetone t o  remove pyridine hydrochloride,  af ter  which it 

could b; red isso lved  i n  DMF. 

The polymerization mixture was blanketed at 

The polymer was p r e c i p i t a t e d  wi th  aqueous e thano l  
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Resul ts  and 1 ) i s c u ~ ~ i o n  

The s o l u b i l i t y  of t h e  A-A-A polymcrs made it poss ib l e  t o  use  

c l a s s i c a l  s o l u t i o n  techniques f o r  char :wter iza t ion ,  I n  add i t ion ,  t h i s  

t r a c t a b i l i t y  o f  t h e  Pyrrone prepolymer!; a f forded  a means t o  u t i l i z e  t h e  

polymers f o r  t h i n  f i lms ,  coa t ings  and :-esins f o r  composite s t r u c t u r e s .  - 
Films were obtained by c a s t i n g  t h e  A-A-A so lu t ions  onto g l a s s  p l a t e s  

and t h e  so lvent  was removed by hea t ing  i n  an oven under a i r  or  n i t rogen  

a t  125' for  one hour, The amber f i b s  could be e a s i l y  s t r i p p e d  from 

t h e  glass p l a t e s .  Fur ther  c y c l i z a t i o n  and condensation occurred w i t h  

a d d i t i o n a l  hea t ing ,  Af t e r  one hour a t  225' the  films were gene ra l ly  
-, 

blood-red i n  co lo r ,  

r e f l e c t e d  l i g h t  bu t  very deep red  by t -ansmi t ted  l i g h t ,  

c l e a r ,  tough and f lexible  throughout the  var ious  stages Of conversion. 

After t h r e e  hours a t  325O t h e  f i lms  were black by 
I 

The f i lms  were 

Some prel iminary p rope r t i e s  of bo;h the  A-A-A and t h e  converted 

Pyrrone polymers are shown i n  Table 1. 

Table? I 

Representat ive P rope r t i e s  o ?  Poly(imidazopyrrolone8) 

.. . 

Solu t ion  P rope r t i e s  

I n t r i n s i c  Viscos i ty  (250e D.*) 
)qn (Osmotic Pressure  1 
Solvent  8 

Fi lm P r o p e r t i e s  

T e n s i l e  S t r eng th  
Elongatior,  
Young's Modulus 
Spec i f i c  R e s i s t  i v l t y  
F i e l d  S t r eng th  

10-15 CpSi 

200-40) kps i  
25-355 

6 x 10 2 ohm-cm 
2 x 1 0 s  v/cm 

?yrrone Stage 

Inso luble  
#t 

91 

15-22 kps i  
3-75 
600-1,000 kps i  
3-5 x 1012 ohm-cm 
6 x 105 v/cm 



The data in Table I1 demonstrate the  unu8ually high r e s i s t a n c e  

of t h e  Pyrrones t o  ion iz ing  r a d i e t i o n ,  No s i g n i f i c a n t  e f f e c t  on t e n s i l e  

p rope r t i e s  was apparent even a f t e r  10,000 megarads. 

- Table 11 
Radiat ion Ef fec t s  on PHDA-TADPO e r r o n e  Fi lms 

Dose* Strength  (kpsi) Tangent Elongation 
JMegarnds - Yield Tensile !foduius (kpsi) tr;'.) I 

Contro l  9.2 17.9 730 9 I 

1,000 1202 16.8 830 . 3  
5,000 14,3 - 2002 820 3 I 

10,000 15.6 17.3 850 3 
I 

*l MeV. e l e c w o n s ,  1,000 Mr/hr. 
t o r r  and sea l ed  a t  10.7 t o r r .  

Specimens degassed 72 hre .  at  50° ~ 4 l O " l  

The i n f r a r e d  s p e c t r a  of the  poljrmers (Figure l a  and lb) i n d i c a t e  

t h a t  t h e  mechanism leading t o  t h e  f i n a l  s t r u c t u r e  I V  occurs  through t h e  

formation of both the  s t ruc tu i ' es  I I I e  and XIib concurrent ly .  I n  f i g u r e  - 
l a ,  t h e  disappearance of secondary anide bands (1650, 1540, 1280 crn'l), . I 

, 

carboxyl bands (1720, 1605, 1225 cm'l) and amino nitrogen-hydrogen bands I 

(no t  shown) occurs progreseively w i t k  heating and is  accompanied by the 

development of imide (1765, 720 criiol) and imidazole (1620 cm -1 ' .mds r  

Thermal S t a b i l i t y  

The Pyrrones e x h i b i t  except ional  

thermal S t 8 b i l i t y  as expected from 

coneidera t ion  of t h e  imidazopyrrolone 

moiety which i s  a coalescence Of the  

most 8tG-si.e f ea tu re s  of the polyimides 

. a d  polybenzimidazoles. 



Corresponding analyses  f o r  p y r o l i t i c  3raphi te  were found t o  y i e l d  carbon 
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